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TIM complexMitochondrial metabolite carriers are hydrophobic proteins which catalyze the ﬂux of several charged or hydro-
philic substrates across the inner membrane of mitochondria. These proteins, like most mitochondrial proteins,
are nuclear encoded and after their synthesis in the cytosol are transported into the inner mitochondrial
membrane.
Most metabolite carriers, differently from other nuclear encoded mitochondrial proteins, are synthesized with-
out a cleavable presequence and contain several, poorly characterized, internal targeting signals. However, an in-
teresting aspect is the presence of a positively charged N-terminal presequence in a limited number of
mitochondrial metabolite carriers.
Over the last few years the molecular mechanisms of import of metabolite carrier proteins into mitochondria
have been thoroughly investigated. This review summarizes the present knowledge and discusses recent ad-
vances on the import and sorting of mitochondrial metabolite carriers.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Mitochondria play a fundamental role in eukaryotic cells because
they are primarily involved in energy production with oxidative
mechanisms. These organelles can be divided into four different
subcompartments, the outer membrane, the intermembrane space,
the inner membrane and the matrix. The total number of proteins
present in these subcompartments is quite high and is generally esti-
mated to be around 1000. Mitochondria contain their own genome,
which, however, encodes only a handful of mitochondrial proteins.
Therefore, most of the mitochondrial proteins, being encoded by
nuclear DNA, are synthesized on cytosolic polysomes and are then
transported into mitochondria. This process is known as mitochon-
drial protein import and is part of the more general process of intra-
cellular trafﬁcking of proteins. The latter also includes the transport
of several proteins into other cellular organelles such as peroxisomes,
endoplasmic reticulum, nucleus and chloroplasts. The transport of
proteins from their site of synthesis to the ﬁnal destination into
these organelles is a complicated process and requires the help of dis-
tinct import machineries of proteinaceous nature. In the case of mito-
chondria, a specialized protein import machinery has been identiﬁed
and carefully characterized over the last few decades [1–11].tal and Biological Sciences and
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).
l rights reserved.The newly synthesized mitochondrial proteins, precursor proteins,
are generally characterized by an amino-terminal extension or
presequence which contains targeting information to mitochondria.
The presequences consist of positively charged, hydroxylated and hy-
drophobic amino acid residues that are organized as an amphipatic
α-helix [12]. The helix therefore shows two faces, one hydrophobic
and the other hydrophilic, and possesses a net positive charge. This
organization of the mitochondrial presequence is important in view of
the speciﬁc interaction that it establishes with the receptors on the
outer mitochondrial membrane. The presequence is cleaved off after
or during the import of preproteins into mitochondria by speciﬁc pro-
cessing peptidases [13]. A second group of precursor proteins lacks
the amino-terminal extension but contains internal targeting se-
quences. The metabolite carrier family [14,15] exempliﬁes this group
of proteins with internal targeting signals. Metabolite carriers play a
central role in mitochondrial bioenergetics, because they connect
intramitochondrial and cytosolic reactions, exchanging speciﬁc charged
substrates across the lipid bilayer of the inner membrane [14–16]. All
precursor proteins, with and without presequence, are generally
imported into mitochondria post-translationally, even though a
co-translational mechanism can also occur [17].
The protein importmachinery of mitochondria is composed of three
main translocation complexes, named TOM, TIM23 and TIM22. The
TOM translocation complex is localized in the outer mitochondrial
membrane, whereas the other two are present in the inner membrane.
The outermembrane TOM translocase is themain entry point of all pre-
cursor proteins directed into mitochondria. The outer mitochondrial
membrane additionally contains the sorting and assembly machinery
Fig 1. Schematic structure of a carrier protein inserted into the inner mitochondrial
membrane. Regions containing carrier signature (CS) are colored in gray. The overall
carrier architecture consists of six transmembrane helices (H1–H6), connected by
three loops on the matrix side and two loops on the intermembrane space. Matrix
loops contain short amphipatic helices (h1–2, h3–4 and h5–6).
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of β-barrel proteins into the outer membrane [18], but these proteins
are ﬁrst imported through TOMprior to relocation to the SAM complex.
TIM23 and TIM22 represent two distinct inner membrane TIM
translocases. TIM23 is responsible for the import of the presequence-
containing preproteins, while TIM22 facilitates the transport of the pre-
cursor proteins bearing internal targeting signals. A further machinery
named MIA (mitochondrial intermembrane space assembly machinery)
is located in the intermembrane space of mitochondria and mediates
oxidative protein transport and folding [19].
Here, we report the present knowledge and the most recent
achievements regarding the biogenesis of mitochondrial metabolite
carriers.
2. Characteristics of the internal targeting signals
The metabolite carriers of the inner mitochondrial membrane, with
a few exceptions, represent a good example of proteins that donot carry
an amino-terminal cleavable presequence. These proteins are largely
hydrophobic and are made up of three homologous segments, each
containing about 100 amino acid residues [14]. Each segment is charac-
terized by two transmembrane α-helices connected by a large hydro-
philic loop (Fig. 1). This repetitive structure, characteristic of the
mitochondrial carriers, along with the lack of a cleavable presequence,
has led to the hypothesis that they may contain multiple internal
targeting signals. This has been investigated by several authors
[20–24] who were able to demonstrate the import into mitochondria
of truncated forms of the ADP/ATP carrier (AAC), the most representa-
tive member of this protein family. It is still unclear, however, how
many internal targeting signals the AAC contains, and whether they
are equivalent during the transport of this hydrophobic protein into
the inner mitochondrial membrane.
The mitochondrial carriers possess a conserved amino acid se-
quence motif, PX(D/E)XX(K/R), known as carrier signature (CS).
This motif is found at the C-terminal end of the ﬁrst helix of each
module, in proximity to the matrix-exposed loop [25,26] and is
repeated one to three times in the polypeptide chain (Fig. 1). The
CS motif is possibly involved in speciﬁc interactions with the compo-
nents of the mitochondrial protein import machinery and could play
a role in the biogenesis of the carrier proteins [27,28]. In fact, a recent
study [29] showed that the carrier signature of the yeast
dicarboxylate carrier (DIC) [30] is able to facilitate the translocation
of the precursor protein across the mitochondrial outer membrane.
According to this observation, the transmembrane proline within
the AAC signature sequences seems to play a role in themitochondri-
al ADP/ATP carrier biogenesis [31]. However, the carrier signature
does not seem to be essential for the biogenesis of this class of mito-
chondrial proteins.
The third CS-containing, carboxy-terminal segment of the AAC is
not equivalent to the other two in the targeting ability to mitochon-
dria [24]. This last portion was indeed responsible for the membrane
potential-guided insertion of the carrier protein into the inner mito-
chondrial membrane. It has also been demonstrated that the three seg-
ments of this carrier protein cooperate in the recruitment of dimers of
Tom70 [32]. This receptor, localized on the outer mitochondrial mem-
brane, is speciﬁcally involved in the recognition of members of the me-
tabolite carrier family. Furthermore, the three segments of the AAC
were also required for the import of the protein into mitochondria in
a partially folded conformation [32]. It is thus well established that the
mitochondrial import machinery is able to efﬁciently recognize a net-
work of interactions generated among differently located amino acid
residues in the carrier proteins. However, only little is known about
the distinct molecular interactions that determine the individual steps
of the import pathway [33].
Interestingly, only a few members of the mitochondrial carrier
family possess a cleavable presequence. They are the mammalianphosphate (PiC) [34] and citrate (CIC) carriers [35–37] and the AAC
of higher plants [38]. The plant AAC exhibits a presequence of 76
amino acid residues with a net positive charge of +2, the bovine
PiC a presequence of 49 amino acids with a positive charge of +3,
the rat and eel CIC a presequence of 13 and 20 amino acids, respec-
tively, with a net positive charge of +2.
It is clearly evident that the length of presequences is extremely dif-
ferent among thesemembers of the carrier family, even though they all
show a net positive charge. Furthermore, the AAC of other organisms,
such as mammals and yeast, is devoid of presequence, as well as the
phosphate and the citrate carriers in yeast and plants. In addition, it
must be considered that these presequence-containing mitochondrial
carriers are homologous to other members of the carrier family. In
fact, they show the typical tripartite structure, which is themain charac-
teristic of themitochondrial metabolite carriers. It is therefore plausible
that also the presequence-carrying protein carriers possess internal
targeting information to mitochondria [36,37,39].
The role of cleavable presequences of mitochondrial metabolite
carriers has therefore been investigated in detail. First, the import
of the bovine heart PiC has been studied in isolated mitochondria
from mammals and yeast [40]. This protein was imported into mito-
chondria in a membrane potential-dependent manner and the
presequence was cleaved off after or during the insertion of the car-
rier into the inner membrane. Very interestingly, the mature protein,
devoid of the 49-amino acid residue presequence, was also imported
into mitochondria and correctly assembled in the inner membrane
as the authentic carrier protein [41]. The import efﬁciency of the ma-
ture PiC into mitochondria was about 50% of that shown by the
presequence-containing preprotein. The presequence of the PiC fused
to the cytosolic dihydrofolate reductase was not able to target this fu-
sion protein to mitochondria very efﬁciently. These results led to the
conclusion that the bovine heart PiC possesses internal targeting infor-
mation to mitochondria, as in the case of other members of the carrier
family. With further experiments it was demonstrated that the
presequence of the mammalian PiC plays a role in determining the
speciﬁcity of import and in increasing the efﬁciency of protein import
into mammalian mitochondria [41]. In agreement with these results,
the very long presequence of the plant AAC was unnecessary for the
targeting and import of this carrier into mitochondria [42].
The presequence of rat and eel CIC was also dispensable both for
targeting to mitochondria and insertion into the inner membrane
[36,37]. Interestingly, it was found that the CIC presequencewas impor-
tant to avoid aggregation of the newly synthesized polypeptide chain,
thereby keeping the precursor protein soluble in the cytosol. This
presequencewas also able to inﬂuence the folding state of the precursor
protein in the cytosol prior to import into mitochondria. Notably, the
chaperoning effect of the presequence was completely retained if the
positive charges were exchanged with negative charges [37].
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presequences of mitochondrial proteins do not necessarily act as me-
diators of targeting. Accordingly, examples are known in which
amino-terminal extension prevents or retards the folding of the ma-
ture part of mitochondrial preproteins [43].
3. Cytosolic transport of carrier precursors to mitochondria
As mentioned, the newly synthesized preproteins are imported
into mitochondria post-translationally. The unfolded hydrophobic
mitochondrial precursor proteins are kept soluble by specialized
chaperone proteins [44,45]. The most investigated chaperones are
the cytosolic Hsp70 of Saccharomyces cerevisiae and Neurospora crassa
[46] and Hsp90, which often works in parallel with Hsp70 [47]. The
cytosolic Hsp70 does not seem to possess speciﬁcity for the organelle
where the preprotein is targeted [48–50]. Two different portions are
present in the cytosolic Hsp70, an amino-terminal ATPase domain
and a peptide-binding domain. The ﬁrst corresponds to the highly
conserved 44 kDa amino-terminal domain which binds to ATP or
ADP, while the second is the adjacent domain of 18 kDa which is
less conserved and binds to unfolded proteins. It has been found
that the ATP-bound form of the cytosolic Hsp70 binds to precursor
proteins weakly. On the contrary, the ADP-bound form of this chaper-
one interacts with the precursor proteins strongly [51,52]. Hsp70 cat-
alyzes a cyclic hydrolysis of ATP to ADP and this results in rapid
peptide binding and release.
Mammalian cells utilize both Hsp90 aswell as Hsc70 for the transfer
of precursor proteins from the ribosome to the TOM complex [53].
Hsc70 is the homologous protein present in mammalian reticulocyte
lysate [54,55].
The role of presequences in the context of chaperone-mediated
targeting has been recently investigated [56]. It is known that Hsc70
and Hsp90 bind different types of substrate proteins: Hsc70 preferen-
tially binds hydrophobic sequences with an extended conformation,
while Hsp90 is thought to interact with the surface of partially folded
proteins [57,58]. How these modes of interaction apply to carrier
protein presequences remains undeﬁned. The amino-terminal pre-
sequences and mature segments of the PiC and CIC show a speciﬁc pat-
tern of interactionwith the cytosolic chaperones Hsc70 and Hsp90 [56].
In particular, the deletion of the PiC presequence reduced the binding of
the protein to Hsc70 but not to Hsp90. On the other hand, deletion of
the presequence from the CIC had little effect on the contribution to
import of either Hsc70 or Hsp90. These results suggest that the
presequences of PiC and CIC improve import competence by different
mechanisms. Indeed, PiC presequence provides a binding site for a par-
ticular chaperone, Hsc70, whereas CIC presequence reduces the aggre-
gation of the polypeptide independent of any external chaperone
activity [56].
Hsp/Hsc70 and Hsp90 interact with a wide range of co-chaperone
proteins, which connect additional speciﬁc chaperoning functions or
biochemical activities to chaperone complexes [59]. Therefore, the
early steps of carrier biogenesis are still under investigation and the
role of presequences in the context of chaperone-mediated targeting
needs further investigation.
4. Translocation of carrier proteins across the outer membrane
Tom20 and Tom70 are the main receptors for protein import lo-
calized on the outer mitochondrial membrane. Both receptors are
anchored to the lipid bilayer with their N-terminal portions, thereby
protruding in the cytosol with the hydrophilic carboxy-terminal do-
mains. Both Tom20 and Tom70 loosely interact with the GIP (general
insertion pore) complex [60,61], which represents the import chan-
nel of the outer mitochondrial membrane. The deletion of both genes
encoding these proteins is lethal for the yeast S. cerevisiae, thus indi-
cating that the presence of at least one of these receptors is necessaryto ensure cell viability [62]. These two receptors, in fact, show some
overlapping speciﬁcities in recognition and binding of mitochondrial
precursor proteins.
The receptor Tom70, which is present in the outer mitochondrial
membrane as a homodimer [32], plays a fundamental role in binding
and import of mitochondrial carriers that have internal targeting sig-
nals [63–65]. The binding of Tom70 to mitochondrial carrier proteins
is speciﬁc and is not inﬂuenced by the addition of mitochondrial
presequences. A core domain of 25 kDa, able to recognize hydropho-
bic proteins containing internal targeting information, has been
identiﬁed in the central part of the Tom70 sequence [66].
The mitochondrial carriers contain several internal binding se-
quences, which are able to interact with Tom70 [67,68]. These
amino acid sequences are both polar and non-polar, thus excluding
the possibility that only the positively charged sequences possess
targeting ability to mitochondria. In addition, a network of interac-
tions among various amino acid residues, localized in different posi-
tions in the polypeptide chain of the carriers, is responsible for the
binding of these proteins to Tom70. As stated before, the targeting
information to mitochondria of the metabolite carriers does not
seem to reside in a speciﬁc consensus amino acid sequence.
Tom70 may have an additional role in ensuring the solubility of
the presequence-containing precursor proteins [69]. In addition,
Tom70 provides a docking site for cytosolic multi-chaperone com-
plexes that contain precursor protein and the co-chaperones
DNAJA1 and DNAJA2 [53,70]. Tom70 contains 11 tetratricopeptide
repeat motifs or TPR [71], which are important for dynamic pro-
tein–protein interactions. In fact, it has been demonstrated that
these TPR motifs are involved in the interaction of Tom70 with cyto-
solic Hsp70 and Hsp90 [53]. In particular, the consensus EEVD motif
at the C-terminus of the chaperones was found to be absolutely nec-
essary for the interaction with the TPR clamp domain in the
N-terminal sub-domain of yeast Tom70 [53,72].
Tom20 functions with Tom70 in the recognition of presequences.
Recently, a direct and functional interaction between Tom20 and TPR
clamp domain of Tom70 via a conserved C-terminal DDVE motif has
been reported [73]. This suggests a novel model of chaperone dis-
placement mechanism, in which Tom20 binds Tom70 to facilitate
precursor protein release from the chaperones by competition. The
carrier presequences are not optimized for strong binding to import
receptors, but for an equilibrium that allows both speciﬁc binding
and rapid release [39].
The precursor proteins released from Tom70/Tom20 are delivered
to the GIP. These receptors and the minor component Tom71 [74] are
peripherally associated to the core GIP complex (Fig. 2). The GIP has a
size of about 400 kDa, when analyzed under non-denaturing condi-
tions, and includes various proteins of different molecular masses.
These are the channel-forming protein Tom40 [75,76], the receptor
protein Tom22 [77–80] and the small proteins Tom5 [81], Tom6
[82,83], Tom7 [84], involved in complex stability and dynamics.
The GIP complex is made up of two-three channels and each of
them includes two Tom40 molecules [85]. The fact that the GIP com-
plex possesses at least two different pores is intriguing. This has led
to the hypothesis [4] that such an arrangement of the GIP complex
probably allows the import of multiple domains of polytopic mem-
brane proteins at the same time. In this context it is worth emphasiz-
ing that Tom22 plays an important role in stabilizing and in
controlling the gate of the channels [86].
Little is known about regulation of TOM translocases. Very recently
it has been proposed that biogenesis and function of the TOM complex
are regulated by cytosolic protein kinases, which are able to control mi-
tochondrial protein homeostasis [87]. In particular, the carrier import
receptor Tom70 is phosphorylated by protein kinase A (PKA) under fer-
mentable conditions in yeast and this leads to the inhibition of its recep-
tor activity and consequently to a decreased import of carrier proteins
into mitochondria.
Fig. 2. The translocase of the outer mitochondrial membrane (TOM complex). Receptors are shown in yellow, GIP components are shown in blue.
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intermembrane space
The preproteins containing a presequence are directly transported
from the outer to the inner membrane of mitochondria at the level of
the contact sites. This is possible because there is a direct interaction,
even if transient, between the outer (TOM) and the inner membrane
(TIM23) translocation complexes. Less evidence exists for such a
mechanism in the case of the hydrophobic carrier proteins, which
have to cross the hydrophilic environment of the intermembrane
space prior to reaching their ﬁnal location. In fact, no interaction has
been described between the TOM and the TIM22 complex, the latter
being the inner membrane translocase specialized in the import of
the members of the carrier family.
A series of small proteins, identiﬁed in the intermembrane space of
yeast mitochondria, facilitates the transport of the hydrophobic pro-
teins across this hydrophilic subcompartment. These proteins include
Tim8, Tim9, Tim10, Tim12 and Tim13 [27,88–91]. Tim9, Tim10 and
Tim12 are essential for the viability of yeast, whereas Tim8 and Tim13
are not. These small Tim proteins function as chaperones guiding the
precursor preproteins from the outer to the inner mitochondrial mem-
brane. In addition, they not only direct carrier proteins to the inner mi-
tochondrial membrane, but also bind to β-barrel proteins or substrates
for the SAM pathway coming out of the Tom40 channel [92].
Mammalian homologues have also been identiﬁed [90,93,94] and
are designated Tim8a (or DDP1), Tim8b (or DDP2), Tim9, Tim10a,
Tim10b and Tim13. The discovery of these small Tim chaperones
both in yeast and in mammals has led to a new interest in the
study of the biogenesis of mitochondrial metabolite carriers, which
represent the main hydrophobic proteins interacting with the
small Tims. Interestingly, mutations in the gene encoding the
human homologue of Tim8 or DDP1 cause a serious X-linked neuro-
degenerative pathology called human deafness dystonia syndrome
or Mohr–Tranebjaerg syndrome [90].
A direct interaction between the metabolite carriers and the
small Tim chaperones has been demonstrated with cross-linking ex-
periments [27,88,89,95]. In the mitochondrial intermembrane space
the hydrophobic segments of the carrier proteins can be prone to
off-pathway misfolding reactions becoming import-incompetent.
The interaction between the small Tims and the metabolite carriers
is highly speciﬁc and involves particular regions in both types of pro-
teins [27]. In the case of the small Tims these regions include the two
typical C(X)3C motifs which form disulﬁde-bonded helical hairpin
structures [96,97]. The metabolite carriers bind to the small Tims
with their hydrophobic portions and not with the CS motif. Whereas
the carrier signature is localized near the large hydrophilic loops
protruding into the mitochondrial matrix, the hydrophobic regions
are stably embedded in the inner mitochondrial membrane in the
fully imported carrier protein.
The three proteins Tim9, Tim10 and Tim12 are located in different
positions in the mitochondrial intermembrane space. In fact, Tim9 and
Tim10 are mainly involved in the formation of a complex of about
70 kDa that is soluble in the intermembrane space, whereas Tim12 is
present on the outer surface of the inner mitochondrial membrane atthe level of the TIM22 complex. The soluble complex of 70 kDa is a
hexamer containing three molecules of Tim9 and three molecules of
Tim10. Small amounts of Tim9 and Tim10 were also found at the level
of the inner membrane TIM22 complex.
The Tim9–Tim10 complex resembles a six-bladed α-helical propel-
ler, which binds to hydrophobic patches in carrier precursors emerging
from the outlet of the Tom40 channel [98]. A similar structure and bind-
ing mechanism was described for the homologous Tim8–Tim13 com-
plex, which binds to a part of the substrates for the TIM22 or SAM
pathway at the outlet of the Tom40 channel [99]. However, the molec-
ular mechanisms of interaction of the Tim9–Tim10 complex with pre-
cursor proteins are not completely understood, although it has been
proposed that Tim10 is involved in substrate binding whereas Tim9
acts in complex stabilization [100–102]. Recently, a possible functional
role of Tim9 in facilitating the translocation of precursor substrates
into the intermembrane space has been proposed [103].
Interestingly, different organization and functions have been
proposed for the small mammalian Tims [104]. In fact, two
hetero-oligomeric complexes of about 70 kDa and 450 kDa have
been identiﬁed in human mitochondria. It has been proposed that
there are two forms of the 70-kDa complex, each of them composed
of different subunits: one complex contains Tim9–Tim10a whereas
the second contains Tim9–Tim10a–Tim10b and is part of a higher mo-
lecular weight complex of 450 kDa. This large complex identiﬁed in
mammalian mitochondria does not contain Tim22 differently from
the results obtained in yeast where all of Tim9–10–12 is found in a
stable complex of 300 kDa together with Tim22. In addition, differently
from yeast, both human complexes are tightly associatedwith the inner
membrane, even if the strength of the association of the Tim9–10a com-
plexwith the innermembrane appears to beweaker.Moreover, Tim10b
might be the functional homolog of yeast Tim12 since it is exclusively
found in the 450 kDa complex and not in the 70-kDa complexes.
However, further studies are still required to elucidate the substrate
speciﬁcity of themammalian small Tim proteins and themechanism by
which these proteins bind substrates. In this context, researchers are
trying new approaches to characterize protein translocation in mam-
malian mitochondria, since alterations of protein translocation path-
ways are involved in human diseases. Recently, the identiﬁcation of a
small molecule inhibitor of carrier proteins translocation has been
reported [105]. This novel approach may be useful for characterizing
protein translocation and for facilitating mechanistic studies in mam-
malian mitochondria.
6. Translocation of carrier precursors across the inner membrane
The TOM and TIM complexes present in the outer and in the inner
membrane, respectively, showdistinct properties. The innermembrane
channels aremore strictly regulatedwith respect to the TOMchannel in
order to prevent the leakage of ions across thismembrane. In fact, while
the outer mitochondrial membrane is freely permeable to small mole-
cules, the inner one constitutes a barrier that is impermeable to almost
all molecules, even to protons. The polypeptide chains crossing the
inner membrane must therefore adapt strictly to the import channels
in order to avoid the loss of small species across the lipid bilayer
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nels is smaller than that of the GIP present in the outer membrane. The
channels of the inner membrane are also characterized by a certain de-
gree of ﬂexibility.
The TIM23 complex is responsible for the import of presequence-
containing proteins and, in order to accomplish this function, it requires
the presence of both the membrane potential across the inner mito-
chondrial membrane and the ATP hydrolysis in the matrix.
The TIM22 complex facilitates the transport of precursor proteins
with internal targeting signals and only requires the membrane poten-
tial. This complex is located in the inner mitochondrial membrane, as
well as the TIM23 complex, and is made up of Tim22 [107], Tim54
[108] and Tim18 [109,110] (Fig. 3).
Very recently, Sdh3 has been identiﬁed as a further subunit of the
carrier translocase TIM22 [111]. This subunit, ﬁrmly integrated in the
inner membrane, is involved in electron transfer in the mitochondrial
complex II (succinate dehydrogenase). Surprisingly, genetic and bio-
chemical analysis revealed that Sdh3 is also a genuine component of
the TIM22 complex, interactingwith Tim18 during assembly of the car-
rier translocase.
While Tim22, Tim54, Tim18 and Sdh3 are integral components of
the inner mitochondrial membrane and represent the core of this
import channel, Tim9, Tim10 and Tim12 are only loosely associated
with the outer surface of the inner membrane at the level of the
TIM22 complex. Tim22 constitutes a further channel in the inner
membrane that is responsible for the import of hydrophobic proteins
into mitochondria. The metabolite carriers of the inner membrane
are the main proteins that use this translocation channel. Tim22
has been overexpressed and reconstituted into artiﬁcial membranes
where it formed a channel speciﬁc for cations [112]. This channel
was activated by bothmembrane potential and the internal targeting
signals present in the metabolite carrier proteins.
The TIM22 channel showed a diameter of about 16 Åwhen analyzed
by electron microscopy [113]. With these experiments and the electro-
physiology data it was concluded that the translocase contained two
pores. They were not functionally independent, but cooperated during
the import of hydrophobic proteins. In particular, it has been proposed
that during the translocation of a precursor protein there is the opening
of one pore, while the second undergoes closure. This suggests a strict
coordination in the function of the twin-pore translocase.
The function of the other components of this complex, i.e. Tim18,
Tim54 and Sdh3, is less known if compared to Tim22. It has been pro-
posed that Tim54, which exposes a large domain to the intermembrane
space, probably serves as a docking point for the Tim9–Tim10–Tim12
complex; Tim18 is involved in the assembly of the TIM22 complex
[114]; Sdh3 seems to be required for the biogenesis of Tim18 and
Tim22 [111].Mammalian homologues of the yeast proteins constituting
the TIM22 complex have been described [115].
Very recently it has been hypotesized that the presence of Oxa1, a
protein insertase of the mitochondrial inner membrane, is required
for an efﬁcient import of carrier proteins into mitochondria [116]. Nev-
ertheless, the molecular mechanisms underlying this speciﬁc function
of Oxa1 are not known, although it has been proposed that it promotes
the folding of newly imported carrier proteins in the inner membrane
[116].Fig. 3. The translocase of the inner mitochondrial membrane for hydrop7. General import pathway of the metabolite carriers
into mitochondria
We can therefore summarize the various steps of import of mito-
chondrial metabolite carriers from their site of synthesis in the cyto-
sol to their ﬁnal destination in the inner mitochondrial membrane
[117–120]. In particular, ﬁve different stages of import have been de-
scribed for the AAC, the most studied member of this family (Fig. 4).
Following synthesis in the cytosol (stage I), the chaperone-bound
AAC is targeted to mitochondria thanks to the presence of internal
targeting signals. In this stage Hsp70/Hsp90 docks onto Tom70 and
the precursor proteins are transferred to Tom70, which may prevent
precursor aggregation. On the surface of mitochondria, the multiple
import signals within carrier precursors are recognized by several
Tom70 molecules in a cooperative manner (stage II). The AAC is
then translocated from the outer membrane into the intermembrane
space (stage III). However, when themembrane potential is dissipat-
ed by the addition of valinomycin (and potassium ions) tomitochon-
dria the AAC is translocated only partially (stage IIIa). In this
condition the precursor protein accumulates in the Tom40 channel
thus remaining accessible for externally added proteases. In stage
IIIa the carboxy-terminal part of the AAC appears to bind tightly to
the TOM complex, while the remaining domains are already bound
by the soluble 70 kDa complex composed of Tim9 and Tim10 [24].
On the contrary, in energized mitochondria, the AAC is released
from the TOM complex and immediately binds to the TIM22 complex
of the inner membrane (stage IIIb). After that, the AAC integrates
into the inner membrane at the level of the TIM22 complex (stage
IV). A role for Oxa1 in the TIM22-mediated protein biogenesis was
recently proposed [116].
This stage is eventually followed by the dimerization of this hy-
drophobic carrier in the lipid bilayer of the inner membrane
[36,37,120,121] where the protein acquires its ﬁnal and functional
conformation (stage V). In this context, it is worth underlying that
mitochondrial carriers may form oligomeric structures in the inner
membrane, which are necessary to mediate metabolite transport,
as recently found in the case of the pyruvate carrier [122,123].
The AAC is therefore transported from the outer to the inner mem-
brane of mitochondria with the help of the soluble Tim9–Tim10 com-
plex in the intermembrane space and of the TIM22 complex in the
inner membrane. In spite of the fact that a direct link between the
TOM and the TIM22 complexes has never been found, it has been pro-
posed that the transport of the AACmay occur at the level of transloca-
tion contact sites [22].
Subsequent studies [124] carried out with the dicarboxylate car-
rier, another member of the metabolite carrier family [30], revealed
a partially different mechanism of import. The dicarboxylate carrier
was completely translocated across the outer mitochondrial mem-
brane in the absence of the membrane potential, thereby becoming
resistant to externally added proteinase K. This carrier protein there-
fore accumulated as a soluble intermediate in the intermembrane
space of de-energized mitochondria. This new translocation inter-
mediate, never found before with the AAC or other members of the
carrier family, was named stage III* of import. On the basis of these
speciﬁc properties, the dicarboxylate carrier represents a goodhobic proteins carrying internal targeting signals (TIM22 complex).
Fig. 4. Different stages characterizing the import of the newly synthesized ADP/ATP carrier (AAC) into mitochondria. For schematic reasons, in the outer and inner membranes of
mitochondria only the TOM and the TIM22 complexes are reported. Furthermore, the cytosolic chaperones bound to the AAC precursor are shown in orange. Following synthesis in
the cytosol (stage I), the chaperone-bound AAC is targeted to mitochondria thanks to the presence of internal targeting signals. Multiple molecules of the receptor Tom70 specif-
ically recognize the carrier protein on the mitochondrial surface (stage II). AAC is then translocated from the outer membrane into the intermembrane space (stage III). However,
when the mitochondrial membrane potential (Δψ) is dissipated, the AAC is translocated only partially (stage IIIa). On the contrary, in energized mitochondria, AAC is released from
the TOM complex and immediately binds to the TIM22 complex of the inner membrane (stage IIIb). Stage IV is represented by the membrane potential-dependent insertion of the
hydrophobic protein in the inner membrane through the Tim22 channel and Oxa1. Finally, in stage V, the dimerization of the ADP/ATP carrier in its functional location occurs.
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intermembrane space of mitochondria. In accordance with these re-
sults, the possible presence of soluble translocation intermediates of
the metabolite carriers in the intermembrane space has also been
proposed in other studies [96,125].
8. Perspectives
Many components of the mitochondrial protein import machinery
were identiﬁed over the past 20 years. Since then, investigations
seemed to turn to more detailed studies on the mechanism of protein
transport. On the basis of the previously mentioned data, also the bio-
genesis of some hydrophobic carrier proteins has been investigated in
detail, thereby obtaining a large amount of new information. Neverthe-
less, several important questions remain unanswered.
One aspect of carrier biogenesiswhichmerits further investigation is
the precise role played by the positively charged N-terminal pre-
sequence in a subset of mitochondrial carriers. Since the vast majority
of studies on the biogenesis of mitochondrial carrier proteins have fo-
cused exclusively on the characterization of AAC of yeast, only little is
known about the presequences and the biogenesis of other carrier pro-
teins. It has recently emerged that carrier presequences have multiple
and distinct roles during the biogenesis of this class of proteins. Further-
more, it has been found that some of these functions are mediated by
speciﬁc interactions of carrier presequences both with cytosolicchaperones and/or mitochondrial membrane receptors. However,
more experiments are needed in order to reach a unifying vision of
the signiﬁcance and of themolecularmechanisms of action of these car-
rier presequences. Moreover, it is generally assumed that hydrophobic
interactionsplay an important role in driving the translocation of carrier
proteins across the mitochondrial outer membrane. On the other hand,
it is also clear that charged residues participate in the import mecha-
nism, both at the outer and the innermitochondrial membrane. Further
investigations are therefore required to determine the individual resi-
dues that are involved, and to elucidate the function of these residues
in translocation and membrane insertion of the carrier proteins.
Another aspect is the folding state of the carrier proteins during
their translocation into mitochondria. Recent studies suggest that,
unlike presequence-containing preproteins, different regions of the
mature polypeptide chain of the metabolite carriers are required for
targeting and translocation into mitochondria. In this way, the com-
plex network of interactions generated among differently located res-
idues in the metabolite carriers is efﬁciently recognized by the
protein import machinery of mitochondria. However, the exact na-
ture of this structural arrangement is still unclear and further studies
are necessary in order to clarify what happens during carrier translo-
cation in the intermembrane space. Future efforts will be directed in
these and possibly other directions. This also in view of the fact that
a defective carrier biogenesis has profound pathological implications
because of the possible imbalance of mitochondrial bioenergetics.
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